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2Abstract
Oxide materials offer a wide range of interesting physical and chemical properties.
Even more versatile behavior of oxides is seen at the nanoscale, qualifying these
materials for a number of applications. In this study we used DFT calculations to
investigate the physical and chemical properties of small hexagonal MgO nanotubes
of different length. We analyzed the effect of Li, B, C, N, and F doping on the
properties of the nanotubes. We find that all dopants favor the edge positions when
incorporated into the nanotubes. Doping results in the net magnetization whose
value depends on the type of the impurity. Using the CO molecule as a probe, we
studied the adsorption properties of pristine and doped MgO nanotubes. Our results
show that the dopant sites are also the centers of significantly altered chemical
reactivity. While pristine MgO nanotubes adsorb CO weakly, very strong adsorption
at the dopant sites (B-, C-, and N-doped nanotubes) or neighboring edge atoms (F-
and Li-doped nanotubes) is observed. Our results suggest that impurity engineering
in oxide materials can be a promising strategy for the development of novel materials
with possible use as selective adsorbents or catalysts.
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31. Introduction
Oxides are formed by virtually all the elements of the Periodic Table. They
provide a wide variety of properties, ensuring their application in many different fields
[1,2]. The surface properties of oxides, which are of paramount importance when the
reactivity is considered, depend on morphology, specific surface area, exposure of
crystallographic planes, impurities and defects, and other factors [3,4]. Oxides can
be used in their native forms, but they can also be functionalized, tuning their
properties for a particular application [5–9].
Magnesium oxide which appears in the rock salt structure [10] is very stable,
both thermally and chemically, and as such is applied in many areas, ranging from
refractory materials [11] to catalysis [5,6]. Its most stable surface, MgO(001), shows
very poor reactivity [12], but its properties can be modified using various strategies
[13–18]. Recently, the d0 magnetism has been observed in N-doped MgO films with
N taking the position of O in the MgO lattice [19]. The appearance of magnetic
moment has also been predicted by Shein et al. in the case of C-doped multi-walled
MgO nanotubes, where the C atom is introduced into the lattice instead of oxygen
[20]. The same authors suggested that the magnetic moment will appear with
dopants having the valence bands above the O 2p band [20]. The results of a
theoretical study done for B-, C-, and N- doped MgO(001) surfaces support these
predictions [21]. At the same time, the mentioned work demonstrates that the dopant
sites exhibit drastically enhanced reactivity, making such systems interesting for
heterogenous catalysis or as adsorbents [21,22].
At the nanoscale, the properties of many materials, including oxides, differ
drastically from those of the bulk materials. In particular, the variation of structural
parameters in nanosized clusters can have an impact on their electronic structure,
which, in turn, affects the reactivity of such systems. These factors must be
considered in materials modeling, since some desired properties may only emerge in
nanostructured systems. MgO clusters have intensively been studied, both
experimentally and theoretically. Mass spectroscopy measurements performed on
(MgO)3k clusters confirm the existence of clusters with k between 1 and 10 [23,24].
The theoretical investigation of small (MgO)3k clusters shows that for k < 6, the
hexagonal nanotubes are preferred over the rock salt structures [25]. Changes of the
chemical properties of such MgO nanotubes (k = 4) was reported by Yang et al. [26]
who showed that substitutional doping by Ni, Pd and Pt enhanced the CO adsorption
4properties of hexagonal (MgO)12 (k = 4) nanotubes. The mentioned dopants replaced
Mg atoms in the MgO nanotubes that significantly affected the CO adsorption
energies. Moreover, the reactivity of dopant sites was shown to depend on the type
of dopant and the Mg site at which dopant was introduced into the (MgO)12
nanotube, as less coordinated dopants were found to be more reactive [26].
In this study, we extend our previous work on non-metal doped MgO(001) [21]
for the case of hexagonal MgO nanotubes and investigate how doping with Li, B, C,
N, and F can tune their properties. Due to their atomic sizes these dopants are
considered as suitable ones for MgO, bulk, surface or nanostructures, in particular,
nanotubes addressed here. Namely, these atoms are close to Mg and O in the
Periodic Table of Elements and can effectively replace O or Mg atoms in the MgO
lattice. Moreover, N-doped MgO films have been prepared experimentally [19]. An
additional motivation for the present research is very the very promising reactivity of
doped MgO(001) surfaces, predicted theoretically [21,22]. In the present work we
analyze the electronic and magnetic properties of these clusters and investigate their
chemical reactivity using CO as a probe for molecular adsorption.
2. Computational details
The calculations were based on Density Functional Theory (DFT) using the
Generalized Gradient Approximation in the parametrization of Perdew, Burke and
Ernzerhof (PBE) [27]. The calculations were performed with the Quantum
ESPRESSO (QE) ab initio package [28] using ultrasoft pseudopotentials. The s- and
p-states of all the atoms were included into the valence band. The kinetic energy
cutoff for the plane-wave basis set was 380 eV and the charge density cutoff was 16
times higher. Spin polarization was taken into account for all the investigated
systems. The contribution of the long range dispersion interactions were investigated
using the DFT+D2 scheme by Grimme [29]. In order to avoid the interaction of
clusters with their periodic images, large supercells (distance between periodic
images at least 10 Å) were used in combination with the Martyna-Tuckerman
correction [30]. Also, the torque of the internal forces was set to zero to compensate
for the interaction with the periodic images [28]. The Brillouin zone was sampled
using the Γ-point. Relaxation was performed until the residual forces were below
0.01 eV Å−1. The charge transfer was analyzed using the Bader algorithm [31] on a
charge density grid by Henkelman et al. [32].
5In addition to the calculations performed in QE, for selected systems we also
performed a set of calculations employing hybrid functionals, using Gaussian 09
program package [33]. This allowed us to compare PBE and PBE+D2 results with
those obtained using B3LYP functional [34,35] combined with the cc-pVTZ basis set
[36,37]. The structures were optimized using the default convergence criteria, and
the absence of imaginary frequencies confirmed that the true minima of the potential
energy surfaces were identified.
The nanotubes were constructed by vertical stacking of 2, 3, 4, or 5
hexagonal (MgO)3 rings. Fig. 1 shows the doped (MgO)12 nanotube consisting of four
(MgO)3 rings. One dopant atom per nanotube was introduced, substituting an O
atom in the case of B-, C-, N-, and F-doping, and a Mg atom in the case of Li-doping.
To address the energetics of the substitution of atoms in the MgO lattice with
a dopant X (X = B, C, N, F, or Li) we define substitution energy, Esub(X), as:
Esub(X) = (EX-NT + EO/Mg) – (ENT + EX) (1)
In the equation above, EX-NT and ENT stand for the total energies of the X-doped and
pristine nanotube, respectively. EO/Mg denotes the total energy of an isolated O or Mg
atom, depending on the dopant, and EX is the total energy of an isolated dopant
atom. Alternatively, the incorporation of X into the nanotube can be considered as
the binding of atom X to a vacancy site, which can be quantified as binding energy,
Eb(X):
Eb(X) = EX-NT – (Ev-NT + EX) (2)
where Ev-NT denotes the total energy of the nanotube with a vacancy (O or Mg
vacancy). Vacancy formation energy, Efvac, can be defined as:
Efvac = Ev-NT – (ENT + EO/Mg) (3)
The adsorption properties of pristine and the X-doped nanotubes were probed using
CO. The adsorption is quantified by the CO adsorption energy, Eads(CO), defined as:
Eads(CO) = ECO@X-NT – (ENT + ECO) (4)
6where ECO@X-NT stands for the total energy of the nanotube with the CO molecule
and ECO is the total energy of an isolated CO molecule. For the doped nanotubes,
we studied the CO adsorption only for the most stable configurations of the doped
(MgO)12 nanotubes. The notations for the adsorption sites are presented in Fig. 1.
Figure 1. Notation of the adsorption sites at the doped MgO nanotube. Graphical
presentation was made using the VMD code [44]. X denotes the dopant site.
3. Results
3.1. Structural, electronic, and magnetic properties of doped MgO nanotubes
The analysis of the hexagonal MgO nanotubes was performed for the nanotubes
ranging from 2 to 5 rings in size. The Mg-O bonds in the nanotubes ranging between
1.90 and 2.05 Å (Supplementary Information, Tables S1 to S4) are somewhat
shorter than that in the bulk (2.11 Å). Moreover, due to a lower coordination number
of the edge sites, the reduction of the Mg-O bond is more noticeable at the
nanotubes edges, in agreement with Ref. [25]. The bond lengths obtained in PBE
and PBE+D2 calculations compare well with those calculated using B3LYP with the
localized basis set. The comparison of the results obtained by these approaches for
pristine MgO nanotubes is provided in Supplementary Information, together with the
optimized structures (see Section S1).
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analyzed using both the periodic PBE calculations performed with QE and hybrid
B3LYP calculations using Gaussian code. Fig. 2 shows the calculated densities of
states (PBE calculations) and the orbital energy levels obtained using the B3LYP
functional. As can be seen, the HOMO-LUMO gaps estimated from the results of the
hybrid calculations are larger than the corresponding band gaps obtained in the
periodic PBE calculations. Also, as shown in Fig. 2, the gap increases with the size
of the MgO nanotubes.
Figure 2. Calculated density of states using periodic PBE calculations in QE and the
corresponding energy levels calculated using B3LYP with Gaussian code (blue horizontal
lines). Vertical dashed arrows indicate HOMO-LUMO gap for the B3LYP calculations. The
integrated local density of states (ILDOS) within the shaded areas is presented and it gives
the top of valence (green shaded areas and the A set of the structures) and the bottom of
conduction band (blue shaded areas and the B set of the structures) obtained using periodic
PBE calculations in QE. The structures are presented using VESTA [45].
The HOMO-LUMO gaps calculated using B3LYP were found to increase from 4.44
eV, to 4.72 eV as the nanotube size increases from (MgO)6 to (MgO)15. The
8corresponding values obtained from the PBE calculations are between 2.48 eV, and
2.85 eV. These gaps are still much narrower than the one of bulk MgO, which
amounts to 6.3 eV (for surface) and 7.8 eV (for bulk) [38]. For the (MgO)12 nanotubes
the band gap of 3.39 eV was previously reported [26], which is in-between our PBE
and B3LYP values. We analyzed the electronic states of pristine hexagonal MgO
nanotubes by visualizing the integrated local densities of states (ILDOS) of the top of
the valence band and the bottom of the conduction band obtained in the periodic
PBE calculations (Fig. 2). The former states are of oxygen atoms (Fig. 2, structures
A), while the latter ones come from Mg atoms, predominantly those at the edges of
the nanotubes (Fig. 2, structures B). This agrees with the results of hybrid
calculations where we observed the HOMO states located at oxygen atoms, while
the LUMO states were located at Mg atoms. We conclude that PBE and B3LYP give
rather consistent results.
Before proceeding with the analysis of the doping process of (MgO)3k
nanotubes, we discuss the effects of the edge saturation by hydrogen. Hydrogen
saturation of dangling bonds is an important issue [39], however, in the previous
studies of MgO nanotubular structures it has not been considered [20,24,25]. Also,
there is no experimental evidence supporting the edge saturation [22,23]. In order to
investigate this issue we modelled a number of H-saturated (MgO)3k clusters
(Supplementary Information, Section S2). We observed that upon saturation of the
edges of (MgO)3k clusters the edge Mg-O bonds become longer. However, the
energetics of this process is much more important. Namely, when referred to H2 or
H2O, as possible sources of H atoms, which saturate the edges of (MgO)3k clusters,
we see that the saturation is a highly endothermic process (Supplementary
Information, Section S2). What is why we do not consider the saturation of the edges
of (MgO)3k clusters from this point on.
In order to incorporate an impurity atom into an MgO nanotube, first a
vacancy has to be formed. We analyzed the energetics of the vacancy formation and
found that it depended on the location of the vacancy in the nanotube structure. Due
to the reduced coordination of atoms, it is always easier to make a vacancy at the
edge of the nanotube. Moreover, we find that Efvac increases with the size of the
nanotube and when moving away from its edge (Fig. 3, the results for the formation
of oxygen vacancy). This conclusion holds for both oxygen and magnesium
vacancies (Table S5, Supplementary Information) and for PBE and PBE+D2
9calculations. In the case of the oxygen vacancy we find somewhat higher
contribution of dispersion interactions to the vacancy formation energy away from the
nanotube edge, compared to the energies obtained for the vacancies at nanotube
edges. However, the contribution of dispersion interactions is generally quite small
(within 0.1 eV) when compared with the vacancy formation energies themselves (8.5
eV on average). In the case of the Mg vacancy, the required energy is somewhat
lower (5.9 eV on average), but the contribution of dispersion is higher (0.2 to 0.35
eV) compared to the case of the oxygen vacancy formation. The agreement between
the PBE(+D2) and B3LYP results is better in the case of the O vacancy than in the
case of Mg vacancy (Table S5). In contrast the PBE results, in both cases B3LYP
results show no trend in vacancy formation energies with increasing nanotube size
(compare Fig. 5 and the results in Table S5).
Figure 3. Oxygen vacancy formation energies for the MgO nanotubes of different length,
defined by the number of (MgO)3 rings (k). Squares give O vacancy formation energy at the
edge, circles for the second (MgO)3 ring, while the diamonds are for the third (MgO)3 ring.
Next, we incorporated a dopant into the vacancy site. We replaced O with B, C,
N, or F, or Mg with Li. The atoms were replaced at different sites along the nanotube,
one atom per (MgO)3k nanotube. For all the considered dopants and the nanotube
sizes (from (MgO)6 to (MgO)15) we found that dopants preferred the edge sites of the
nanotube. This is in agreement with the results reported for the C-doped multiwall
MgO nanotubes [20], and the MgO(001) terraces doped with B, C and N [21].
10
Moreover, we performed additional calculations for F- and Li doped Mg(001), using
the model presented in Ref. [21], and confirmed that these two dopants prefer to be
in the surface rather than subsurface layer. In order to evaluate the energetics of the
doping process, we can either consider the replacement of a lattice atom with dopant
X or binding of dopant X to the vacancy site. Dopant binding energies (Eq. 2)
typically become more negative when going away from the nanotube edge, similarly
to the increase of the vacancy formation energies for the higher coordinated sites.
However, the most stable structure is determined by the balance between the
vacancy formation energy and the binding energy of dopant X at a given vacancy
site. As a result, we see that the configurations of doped MgO nanotubes containing
dopants at the edge sites are most stable. Such a behavior can be understood
considering the strain induced upon doping. Namely, due to the lower coordination of
the edge atoms, strain is best compensated when the dopant is situated at the edge.
The data for the (MgO)12 nanotubes are provided in Table 1. The corresponding
optimized structures (QE-PBE results) with indicated bond lengths are presented in
Figure S1 (Supplementary Information). The calculated binding energies for all the
considered dopants and nanotubes are assembled in Table S6. For dopants bound
to the O vacancy site, the adsorption is more exothermic as the impurity approaches
O in the Periodic Table. We also see that the substitution energies are positive in all
the considered cases, which is the consequence of very high vacancy formation
energies, when compared to the binding energies of dopants.
Table 1. Substitution energies, binding energies, and magnetic properties of B-, C-,
N-, F, and Li- doped (MgO)12 nanotubes. Binding energies are calculated as the
binding of the atom X at the corresponding vacancy site.
Dopant
Esub(X) / eV Eb(X) / eV
M / µBPBE PBE+D2 B3LYP PBE PBE+D2 B3LYP
B 5.08 5.09 5.31 −3.11 −3.15 −3.36 3
C 3.67 3.66 3.64 −4.54 −4.56 −5.03 2
N 3.65 3.65 3.19 −4.55 −4.58 −5.48 1
F 2.05 2.02 1.69 −6.20 −6.21 −6.99 1
Li 1.22 1.16 2.32 −4.48 −4.76 −7.30 1
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The contribution of dispersion interactions is almost negligible for both binding
and substitution energies. We see rather good agreement (Table 1) between the
PBE(+D2) results and the B3LYP ones. Although there are some differences in the
calculated energies, they are in line with the previously reported trends for
adsorption energetics on oxide surface when comparing GGA and hybrid functionals
[40]. The difference between our PBE and B3LYP results is the largest in the case of
Li-doping and it originates from the differences in the calculated Mg vacancy
formation energies using these two approaches (Table S5).
For B, C, and N doping, the Bader charge analysis shows a charge transfer to
the dopant, as previously also observed for the (001) surface doped with these
elements [21]. This results in a significantly increased ionic radii and the increase of
the Mg-X bond length, Fig. S2. It is the most apparent for B, and the effect
decreases towards N, as discussed in Ref. [21]. For F and Li, having 2s2np5 and 2s1
electron configuration, respectively, only one electron is transferred upon their
incorporation into the MgO nanotube. F attracts extra charge, while Li gives its
valence electron away, so the dopants are formally in the F− and Li+ states. This,
however, means that the surrounding lattice atoms (Mg or O) do not have electronic
configurations as in pristine MgO nanotubes. Hence, in the case of Li-doped MgO
nanotubes the O atoms around the dopant atom are electron deficient. In contrast, in
the case of the F-doped MgO nanotubes neighboring Mg atoms possess an excess
charge. Charge density plots (Supplementary Information, Fig. S3) show that the
electronic density at the O sites is not significantly affected by the inclusion of dopant
atoms. This suggests that the effect of the dopant atoms is rather localized around
the impurity sites. In order to demonstrate this more clearly, we calculated the
charge different plots upon the replacement of the edge O atom (in the cases of B,
C, N and F) or Mg atom (in the case of Li) by a dopant in (MgO)12 clusters. Charge
difference plots are obtained as:
∆ρ = ρX-MgO − (ρMgO − ρO/Mg) – ρX (5)
In Eq. (5) ρX-MgO, ρMgO, ρO/Mg and ρX stand for the ground state charge density of the
doped MgO nanotube, the ground state charge density of pristine MgO nanotube,
the ground state charge density of O or Mg atom and the ground state charge
density of dopant X, respectively. The results presented in Fig. 4 reinforce the
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conclusion that the replacement of an O or Mg atom by dopant X induces only the
local charge redistribution in the MgO nanotube.
Figure 4. 3D charge density difference plots for replacement of the edge O or Mg atom in
the (MgO)12 nanotube by Li, B, C, N or F.
The charge transfer is also responsible for the appearance of a magnetic
moment. The total magnetization values observed for B-, C-, and N-doped
nanotubes are in agreement with those obtained for doped MgO(001) [21]. The
magnetic moments originate from the unpaired electrons of dopant atoms
independent of the nanotube size, but they rather depend on the type of the dopant
atom (Fig. 5). Boron, with one unpaired electron, receives 2 extra electrons from the
lattice and the total number of unpaired electrons becomes 3. It matches the total
magnetization of 3 µB we obtained for the B-doped MgO nanotubes. Similar behavior
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is observed for C and N doping where the total magnetization is 2 and 1 µB,
respectively. The calculated total magnetizations agree well with those provided by
Shein et al. for the C-doped triple-walled square-prismatic MgO nanotubes [20], as
well as with the calculations of Grob et al. for N-doped MgO [19]. Since F can only
receive 1 electron to completely fill its p-shell, the magnetization is now due to an
excess charge on the surrounding Mg atoms, amounting to 1 µB (Fig. 5). The
situation is similar for Li doping, where the magnetization comes from the electron-
deficient O atoms surrounding the dopant (Fig. 5). It can be concluded that the
magnetization density in the investigated systems is rather localized around the
impurity site (Fig. 5).
Figure 5. 3D spin density (spin polarization) maps (ρspin up - ρspin down). Calculated total
magnetizations are given for each structure.
The electronic structures of the doped (MgO)12 nanotubes, shown in Fig. 6,
demonstrate that the magnetization is due to the charge redistribution between the
dopant atoms and lattice atoms of the MgO nanotube. For B, C, and N dopants the
calculated electronic structures of the doped nanotubes qualitatively agree with the
results for the doped bulk and (001) surface of MgO [19,21]. The spin up p states of
the dopant atoms are filled, while the spin down states are partially empty, giving rise
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to the net magnetic moment, in agreement with Ref. [20]. In the case of the Li-doped
MgO nanotubes the valence 2s states of the dopant are emptied while the top of the
valence band is due to the stated of oxygen atoms (Fig. 6). The magnetic moment is
due to the hole states located at the O atoms in the first coordination shell of Li (Fig.
5). In the case of the F-doped nanotubes, the electrons, which are located at the
nearest Mg sites, give rise to the magnetic moment (Fig. 5). These states are located
at the bottom of the conduction band of the F-doped nanotube (Fig. 6). The states
induced by dopants also alter the band gap of MgO nanotubes. These states are
typically located in the band gap, like in the case of doped MgO(001) surface [21]
that results in gap narrowing. In fact, Li and F doping present two extreme cases. In
the first case the band gap is 2.58 eV, being just slightly affected by doping while in
the case of F doping the gap is closed (Fig. 6). In the cases of B, C and N doping the
dopant states are between the valence and conduction bands and HOMO-LUMO
gaps can be estimated to 0.68 eV (B doping), 0.84 eV (C doping) and 0.90 eV (N
doping).
Figure 6. Densities of States of X-doped nanotubes (total DOS, and the s and p states of the
dopant atoms). The highest occupied state is indicated by the horizontal line. Upper panel
gives the 3D plots of the integrated density of states. The integration was performed for the
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highest occupied states of the X-(MgO)12 nanotubes within the shaded areas of the DOS
plots.
3.2. CO adsorption on doped MgO nanotubes
As discussed above, the introduction of dopants into the structure of a MgO
leads to the appearance of unpaired electrons, either at the dopant atoms (doping
with B, C, and N) or surrounding O and Mg atoms (doping with Li and F). As
suggested earlier [21], such sites can be considered as the confined radical species,
the centers of altered chemical reactivity. This might open a number of possibilities
for employing such doped oxide materials, for example, as adsorbents or
heterogeneous catalysts. To explore this possibility, we investigated the adsorption
properties of doped nanotubes using CO as a reactivity probe.
It is known that the MgO(001) surface is rather inert and it binds CO only weakly.
The bonding is preferred at the Mg site with the adsorption energy of −0.16 eV [21].
This value agrees well with the experimental one, which is −0.14 eV [41]. For the
considered non-doped hexagonal MgO nanotubes we find that CO prefers to bind at
the edge Mg sites with the adsorption energies between −0.41 and −0.45 eV (PBE
results, Table 2). Dispersion interactions have a small contribution to the adsorption
energy (up to 10% of Eads(CO)), similar to the CO adsorption on the MgO surface
[42]. The calculated adsorption energies for the edge Mg sites depend weakly on the
nanotube length (Table 2).
Table 2. Energetic and structural parameters for CO adsorption at the edge sites of
the pristine (MgO)3k nanotubes (k = 2, 3, 4 and 5). PBE results for the equilibrium
bond distances are provided.
Nanotube size
Eads(CO) / eV
dMg-C / Å dC-O / ÅPBE PBE+D2
(MgO)6 −0.41 −0.44 2.25 1.15
(MgO)9 −0.41 −0.44 2.28 1.14
(MgO)12 −0.43 −0.47 2.24 1.15
(MgO)15 −0.45 −0.46 2.25 1.15
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Our result is in agreement with the one reported in Ref. [26] where the CO
adsorption energy at the edge Mg site of the (MgO)12 nanotube was calculated to be
−0.40 eV (PBE calculations). For the preferential binding sites we observe a small
charge transfer to CO (< 0.1 e) and the elongation of the C‒O bond length is by only
~0.01 Å, compared to the bond in an isolated CO molecule (dC-O = 1.14 Å). The
calculated CO adsorption energies and equilibrium bond lengths for all the
considered adsorption sites of the pristine nanotubes of different lengths are given in
Table S7 (Supplementary Information). While the CO adsorption at the edge Mg site
is stronger than on the MgO(001) surface, we find that the Mg sites at inner (MgO)3
rings of the nanotubes bind CO weaker than pristine MgO(001) or do not bind it at all
(Table S7, Supplementary Information). We further inspected the electronic structure
of the CO@(MgO)12 system (Fig. 7), and observed that the CO states overlapped in
energy with the states at the bottom of the conduction band dominated by the states
of the edge Mg atoms (see Fig. 3). We suggest that this is the reason for the weak
interactions of CO with Mg sites away from the nanotube edges. In overall, the
obtained results suggest that CO physisorbs on pristine (MgO)3k nanotubes.
Figure 7. Projected densities of states of the CO molecule in the CO@(MgO)12 system (CO
adsorbed at the preferred edge Mg site). Total DOS (shaded) is also included. Vertical line
indicates the highest occupied state. On the right the optimized structure of CO@(MgO)12 is
provided.
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Further we investigate the CO adsorption on doped (MgO)12 nanotubes in
more detail. The results obtained for the preferential CO adsorption sites are given in
Table 3. The full account of the CO adsorption energies and the corresponding bond
lengths obtained for all the analyzed doped (MgO)12 nanotubes is given in Tables
S8-S12 (Supplementary Information). The notation for the adsorption sites is
presented in Fig. 1.
Table 3. Energetic and structural parameters for CO adsorption on X-doped (MgO)12
nanotubes.
dopant Ads. site
Eads(CO) / eV
dNT-C / Å dC-O / ÅPBE PBE+D2
Li O01 −1.80 −1.79 1.26 1.22
B dopant −3.74 −3.79 1.43 1.19
C dopant −5.19 −5.29 1.30 1.20
N dopant −3.06 −3.12 1.23 1.18
F Mg01 −0.78 −0.82 2.20 1.17
In the cases of B-, C-, and N-doped nanotubes, where dopants bear unpaired
electrons, the dopant sites are preferred for the CO adsorption. The interaction of
CO with these sites is very strong. The adsorption energy reaches −5.19 eV for the
case of C-doped (MgO)12, indicating the formation of chemical bonds. For B- and C-
doped (MgO)12 the calculated CO adsorption energies are similar to those calculated
for doped MgO(001) surfaces [21]. However, in the case of N-doped (MgO)12 a
strong interaction with the dopant site is observed. This is not the case for N-doped
MgO(001) [21], for which a repulsive interaction between CO and the dopant is
observed [21]. This lack of interaction is explained in terms of the orbital
configuration, namely the 2p-orbitals of N lie in the surface plane, not overlapping
with the CO orbitals. However, in the case of N-doped nanotubes the states of the
dopant are available for bonding due to low coordination of the edge site, as can be
seen from the integrated local density of states for this system (Fig. 6). We note that
this situation occurs independent of the size of the N-doped MgO nanotube. Due to
the filled electron shells of F and Li (formally being in the F− and Li+ states) the
preferred sites for the CO adsorption are now not the dopants themselves but their
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surrounding Mg and O atom, respectively. While the strong interaction between CO
and the doped nanotubes can now be classified as chemisorption, we note that the
CO adsorption at the other sites of doped MgO nanotubes remains rather weak
(Tables S8-S12). However, for each considered dopant we find that the CO
adsorption properties of the entire nanotube are altered when compared to those of
the pristine (MgO)12 nanotube. Namely, at all the considered adsorption sites CO
binds stronger on doped nanotubes. By comparing the PBE and PBE+D2 results, a
small contribution of dispersion interactions to Eads(CO) can be observed, being up to
0.15 eV (Table 3, Tables S8-S12). We can compare our results with those reported
in Ref. [26] where the CO adsorption energies between −1.17 eV and −2.55 eV were
calculated for Ni-, Pd- and Pt-doped (MgO)12 nanotubes. The metal dopant replaced
an Mg atom of the MgO nanotube and the CO adsorption was preferred at these
dopant sites. We note that such a behavior is expected, being analogous to the
cases of B-, C-, and N-doped nanotubes, as these metal atoms do not have fully
filled electron shells.
Strong chemical interactions between the CO molecule and the doped
nanotubes are also confirmed by the analysis of the electronic structure of the
CO@X-(MgO)12 systems (Fig. 8). In comparison to the CO@(MgO)12 system (Fig.
7), the electronic structure of the doped nanotubes with the CO molecule is
significantly altered. There is an overlap between the CO states and the nanotube
atoms states. The adsorption is now accompanied by a pronounced charge
redistribution, as in the case of doped MgO(001) surface [21]. Depending on the
dopant type, the preferred adsorption site is either electron donor (B-, C-, and F-
doped (MgO)12) or electron acceptor (Li- and N-doped (MgO)12). In the former case,
a charge transfer from the dopant atoms to the CO molecule is observed, while in
the latter, charge is transferred from the CO molecule to the nanotube. For B- and C-
doped nanotubes the situation is analogous to the one observed for doped
MgO(001) [21]. The electron donation properties of the F-doped MgO nanotube are
due to the preferential binging of the CO molecule to the electron rich neighboring
Mg site. The electron accepting properties of the Li-doped MgO nanotube are due to
the CO bonding to the electron deficient O edge atom. We also find that the C‒O
bond is elongated in all the studied cases (Table 3), suggesting that the CO
molecule is activated upon the adsorption. The charge transfer to/from the CO
molecule makes it susceptible to the interactions with either electrophilic or
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nucleophilic species. Therefore, we suggest that the CO molecule can be activated
towards oxidation or reduction by choosing the right type of dopant. Moreover, as the
strength of the interaction of the reacting species with the catalyst is strongly
connected to the catalyst performance [43], we suggest that the choice of the dopant
could be used as a tool to tune the strength of the CO interaction with the MgO
nanotube.
Figure 8. Projected densities of states of the CO molecule upon the adsorption at X-doped
(MgO)12 nanotubes (for the preferred adsorption sites). The total DOS (shaded) is included
for each system. Horizontal dashed lines indicate the highest occupied states. The optimized
structures of the CO@X-(MgO)12 systems are included.
4. Conclusions
We have analyzed pristine and Li-, B-, C-, N-, and F-doped hexagonal MgO
nanotubes. We find that the inclusion of dopants is preferred at the edges of MgO
nanotubes, irrespective of their sizes. When doped, the MgO nanotubes are
magnetic. The magnetization is due to the unpaired electron of the dopant atom (B-,
C-, and N-doped MgO nanotubes) or its nearest O/Mg neighbors (Li- and F-doped
MgO nanotubes). In addition, we find that the introduction of dopants alters the
reactivity of the MgO nanotubes. While CO physisorbs on pristine MgO nanotubes
(Eads(CO) is between −0.41 eV and −0.45 eV), doped MgO nanotubes exhibit strong
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chemical interaction with CO, showing adsorption energies between −0.78 eV and
−5.19 eV. Depending on the type of the dopant, the dopant site or their surrounding
lattice atoms act as electron donors (B-, C-, and F-doped nanotubes) or electron
acceptors (Li- and N-doped nanotubes). Hence, by choosing a dopant one can tune
the strength of the interaction of CO with MgO nanotubes and also activate CO
towards oxidation or reduction processes.
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SUPPLEMENTARY INFORMATION
S1. Structural parameters in pristine hexagonal (MgO)3k nanotubes
Table S1. Bond lengths for k = 2 with presented optimized (PBE) structure
at1-at2 PBE PBE+D2 B3LYP
1-2 1.91 1.90 1.91
7-8 1.91 1.90 1.91
1-7 2.00 2.01 2.00
Table S2. Bond lengths for k = 3 with presented optimized (PBE) structure
at1-at2 PBE PBE+D2 B3LYP at1-at2 PBE PBE+D2 B3LYP
1-2 1.90 1.89 1.91 1-7 1.94 1.95 1.95
7-8 2.06 2.05 2.06 2-8 2.01 2.01 2.01
13-14 1.90 1.89 1.91 3-9 1.94 1.95 1.95
4-10 2.01 2.01 2.01
5-11 1.94 1.95 2.95
6-12 2.01 2.01 2.01
7-13 1.94 1.95 1.95
8-14 2.01 2.01 2.01
9-15 1.94 1.95 1.95
10-16 2.01 2.01 2.01
11-17 1.94 1.95 1.95
12-16 2.01 2.01 2.01
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Table S3. Bond lengths for k = 4 with presented optimized (PBE) structure
at1-at2 PBE PBE+D2 B3LYP at1-at2 PBE PBE+D2 B3LYP
1-2 1.90 1.89 1.90 1-7 1.95 1.95 1.96
7-8 2.05 2.04 2.05 2-8 2.01 2.01 2.01
13-14 2.05 2.04 2.05 3-9 1.95 1.95 1.96
19-20 1.90 1.89 1.90 4-10 2.01 2.01 2.01
5-11 1.95 1.95 1.96
6-12 2.01 2.01 2.01
7-13 1.96 1.95 1.96
8-14 1.96 1.95 1.96
9-15 1.96 1.95 1.96
10-16 1.96 1.95 1.96
11-17 1.96 1.95 1.96
12-18 1.96 1.95 1.96
13-19 2.01 2.01 2.01
14-20 1.95 1.95 1.96
15-21 2.01 2.01 2.01
16-22 1.95 1.95 1.96
17-23 2.01 2.01 2.01
18-24 1.95 1.95 1.96
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Table S4. Bond lengths for k = 5 with presented optimized (PBE) structure
at1-at2 PBE PBE+D2 B3LYP at1-at2 PBE PBE+D2 B3LYP
1-2 1.90 1.89 1.90 1-7 1.95 1.95 1.95
7-8 2.04 2.03 2.05 2-8 2.01 2.01 2.01
13-14 2.03 2.03 2.04 3-9 1.95 1.95 1.95
19-20 2.04 2.03 2.05 4-10 2.01 2.01 2.01
25-26 1.90 1.89 1.90 5-11 1.95 1.95 1.95
6-12 2.01 2.01 2.01
7-13 1.95 1.96 1.96
8-14 1.97 1.96 1.97
9-15 1.95 1.96 1.96
10-16 1.97 1.96 1.97
11-17 1.95 1.96 1.96
12-18 1.97 1.96 1.97
13-19 1.95 1.96 1.96
14-20 1.97 1.96 1.97
15-21 1.95 1.96 1.96
16-22 1.97 1.96 1.97
17-23 1.95 1.96 1.96
18-24 1.97 1.96 1.97
19-25 1.95 1.95 1.95
20-26 2.01 2.01 2.01
21-27 1.95 1.95 1.95
22-28 2.01 2.01 2.01
23-29 1.95 1.95 1.95
24-30 2.01 2.01 2.01
S2. Edge saturation by H
We have calculated the H-saturated (MgO)3k clusters and investigated their
electronic structure (Fig. S1). We also calculate the energetics of the saturation
process with respect to H2 (Esat-H2) or H2O (Esat-H2O) using the following equations:
Esat-H2 = (EH-MgO – EMgO – 3EH2)/3
Esat-H2O = (EH-MgO – EMgO – 6EH2O + 6EOH)/6
In the equations above EH-MgO, EMgO, EH2, EH2O and EOH are the total energy of H-
saturated (MgO)3k, the total energy of bare (MgO)3k, the total energy of the isolate H2
molecule, the total energy of the isolated H2O molecule and the total energy of the
isolated OH, respectively.
The results are summarized in Fig. S1.
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Figure S1. Projected densities of states of H-saturated (MgO)3k clusters (filled lines –
total density of states, thick lines, H density of states) and the corresponding
optimized structures. Numbers in parenthesis give the energy of the edge saturation
with respect to the H2 molecule (Esat-H2) and H2O (Esat-H2O, italic).
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S3. Vacancy formation energies
Table S5. Calculated vacancy formation energies for MgO nanotubes of different
size and at different positions along a nanotube.
Efvac / eV
oxygen vacancy
Efvac / eV
magnesium vacancy
PBE PBE+D2 B3LYP PBE PBE+D2 B3LYP
(MgO)6 edge 7.94 7.94 8.36 5.22 5.44 7.34
(MgO)9 edge 8.14 8.18 9.39 5.63 5.90 7.612nd ring 8.35 8.44 5.69 5.99
(MgO)12 edge 8.20 8.23 8.67 5.64 5.92 9.612nd ring 8.61 8.72 6.22 6.54
(MgO)15
edge 8.20 8.24 8.67 5.64 5.92 7.61
2nd ring 8.66 8.77 6.28 6.63
3rd ring 8.84 8.95 6.68 7.02
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S4. Adsorption energies of dopants at vacancy sites of MgO nanotubes
Table S6. Calculated binding energies at vacancy sites for considered dopants
Eb(X) / eV
dopant nanotube size position PBE PBE+D2 B3LYP
Li
(MgO)6 edge −4.49 −4.68 −5.38
(MgO)9 edge −4.48 −4.76 −5.272nd ring −4.37 −4.78
(MgO)12 edge −4.48 −4.76 −7.302nd ring −4.62 −5.01
(MgO)15
edge −4.48 −4.76 −5.28
2nd ring −4.66 −5.07
3rd ring −4.82 −5.18
B
(MgO)6 edge −2.99 −3.02 −3.19
(MgO)9 edge −3.08 −3.13 −4.122nd ring −2.89 −3.01
(MgO)12 edge −3.11 −3.15 −3.362nd ring −3.02 −3.14
(MgO)15
edge −3.11 −3.16 −3.37
2nd ring −3.02 −3.14
3rd ring −3.11 −3.20
C
(MgO)6 edge −4.39 −4.40 −4.82
(MgO)9 edge −4.48 −4.51 −5.762nd ring −4.45 −4.54
(MgO)12 edge −4.54 −4.56 −5.032nd ring −4.61 −4.70
(MgO)15
edge −4.54 −4.57 −5.03
2nd ring −4.61 −4.70
3rd ring −4.73 −4.81
N
(MgO)6 edge −4.35 −4.36 −5.22
(MgO)9 edge −4.51 −4.55 −6.222nd ring −4.50 −4.61
(MgO)12 edge −4.55 −4.58 −5.482nd ring −4.70 −4.80
(MgO)15
edge −4.56 −4.59 −5.47
2nd ring −4.73 −4.84
3rd ring −4.85 −4.94
F
(MgO)6 edge −6.44 −6.45 −7.18
(MgO)9 edge −6.18 −6.19 −7.732nd ring −6.30 −6.35
(MgO)12 edge −6.20 −6.21 −6.992nd ring −6.34 −6.41
(MgO)15
edge −6.19 −6.20 −6.97
2nd ring −6.34 −6.42
3rd ring −6.39 −6.44
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pristine B-doped C-doped
N-doped F-doped Li-doped
Figure S2. Optimized structures of pristine and doped (MgO)12 nanotubes. Bond
lengths are given in angstroms.
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S5. Charge density plots of doped MgO nanotubes
Figure S3. Charge density plots of pristine and doped (MgO)12 cluster with charge
density projected on the symmetry planes passing through the dopant atoms.
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S6. Adsorption of CO on pristine hexagonal MgO nanotubes
Table S7. Energetic and structural parameters of CO adsorption on the pristine
nanotubes. PBE results for the equilibrium bond distances are provided.
Eads(CO) / eV
nanotube size Ads. site PBE PBE+D2 dX-C / Å dC-O / Å
(MgO)6 edge −0.41 −0.44 2.25 1.15
(MgO)9 edge −0.41 −0.44 2.28 1.142nd ring −0.01 −0.09 2.30 1.15
(MgO)12 edge −0.43 −0.47 2.24 1.152nd ring nb* nb
(MgO)15
edge −0.45 −0.46 2.25 1.15
2nd ring nb nb
3rd ring nb nb
*no binding, repulsive interaction
33
S7. CO adsorption on doped (MgO)12 nanotubes
Table S8. Adsorption of CO at different sites of Li-doped (MgO)12 nanotube. The
results for the preferential site are marked by bold letters.
system/site
Eads(CO) / eV
dNT−C / Å dC−O / ÅPBE PBE+D2
CO@Li −0.108 −0.182 2.38 1.14
CO@Mg01 −0.430 −0.468 2.33 1.14
CO@Mg10 −0.242 −0.322 2.35 1.15
CO@Mg11 −0.108 −0.193 2.27 1.15
CO@Mg20 −0.121 −0.204 2.27 1.15
CO@Mg21 −0.289 −0.371 2.35 1.14
CO@Mg30 −0.435 −0.475 2.33 1.14
CO@Mg31 −0.436 −0.473 2.34 1.14
CO@O01 −1.797 −1.793 1.26 1.22
CO@O10 −0.986 −0.988 1.31 1.20
Table S9. Adsorption of CO at different sites of B-doped (MgO)12 nanotube. The
results for the preferential site are marked by bold letters.
system/site
Eads(CO) / eV
dNT−C / Å dC−O / ÅPBE PBE+D2
CO@B −3.737 −3.788 1.43 1.19
CO@Mg01 −0.516 ns* 2.28 1.15
CO@Mg02 −0.484 −0.580 2.32 1.14
CO@Mg10 ns ns / /
CO@Mg11 nb −0.022 2.21 1.14
CO@Mg20 −0.273 −0.356 2.26 1.15
CO@Mg21 −0.278 −0.348 2.37 1.14
CO@Mg30 −0.475 −0.506 2.34 1.14
CO@Mg31 −0.459 −0.491 2.32 1.14
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Table S10. Adsorption of CO at different sites of C-doped (MgO)12 nanotube. The
results for the preferential site are marked by bold letters.
system/site
Eads(CO) / eV
dNT−C / Å dC−O / ÅPBE PBE+D2
CO@C −5.194 −5.293 1.30 1.20
CO@Mg01 −0.489 −0.527 2.27 1.15
CO@Mg02 −0.466 −0.510 2.31 1.14
CO@Mg10 ns ns / /
CO@Mg11 −0.338 −0.410 2.34 1.15
CO@Mg20 −0.285 −0.355 2.36 1.14
CO@Mg21 −0.136 −0.249 2.37 1.15
CO@Mg30 −0.436 −0.478 2.32 1.14
CO@Mg31 −0.459 −0.493 2.33 1.14
Table S11. Adsorption of CO at different sites of N-doped (MgO)12 nanotube. The
results for the preferential site are marked by bold letters.
system/site
Eads(CO) / eV
dNT−C / Å dC−O / ÅPBE PBE+D2
CO@N −3.059 −3.122 1.23 1.18
CO@Mg01 −0.447 −0.482 2.30 1.14
CO@Mg02 −0.425 −0.462 2.29 114
CO@Mg10 ns ns / /
CO@Mg11 −0.250 −0.323 2.39 1.14
CO@Mg20 −0.267 −0.343 2.37 1.14
CO@Mg21 −0.219 −0.306 2.28 1.15
CO@Mg30 −0.445 −0.481 2.34 1.14
CO@Mg31 −0.442 −0.476 2.33 1.14
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Table S12. Adsorption of CO at different sites of F-doped (MgO)12 nanotube. The
results for the preferential site are marked by bold letters.
system/site
Eads(CO) / eV
dNT−C / Å dC−O / ÅPBE PBE+D2
CO@F ns ns / /
CO@Mg01 −0.781 −0.820 2.20 1.17
CO@Mg02 −0.526 −0.560 2.27 1.15
CO@Mg10 −0.082 −0.177 2.18 1.15
CO@Mg11 −0.268 −0.338 2.36 1.15
CO@Mg20 −0.311 −0.384 2.34 1.15
CO@Mg21 −0.247 −0.334 2.28 1.15
CO@Mg30 −0.529 −0.563 2.29 1.15
CO@Mg31 −0.536 −0.572 2.28 1.15
